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SUIvIIvlARZ 



Methods are desoribed for ast'Tnating oressure dis- 
tributions over protuberances saol'i as coc^^pit canopies, 
gun turrets, blisters, scoops, and sighting dorr.es. 
These methods are applied to the estimtion of the pres- 
sure distributions over spherical- segment and faired 
gun turrets and over the protuberances on the 
Brewster SB2A-1 airplane. The effects of compressibility, 
interference 5 and fio'vv separation are discussed. It is 
shown that, by a combination of experimient al data with 
theoretical m^ethods, limiltlng pressur^is for use in deter- 
mining m'axim,um loads Cc;^n in m.any cases be satisfactorily 
estimated. ^Tuch systematic experimentation is needed, 
however, to improve the accuracy of estimation. 



INTRODUCTION 



The puroose of the present ronort is to describe 
methods by which pressures and hence loads on protuber- 
ances, such as cockpit canopies, ^\in turrets, blisters, 
scoops^ and sighting domies, mcy be roughly estim.ated. 
In oarticular, bhe possibility of determining limiting 
values of the pressure coefficient - values which cannot 
be exceeded in oractice - is demonstrated. 

The investigation was initiated by a request from, 
the bureau of Aeronautics, Vpvy Department, for load 
data on gun turret:'. No aoplicable experim.ental data 
were available and, as the NACA testing facilities were 
already committed to other Investigations, it was decided 
to estim.ate the limiting loads. 

I',^ethods generally useful in tl:e estiraation of loads 
on protuberances are described in the pi-esent report^ 
These methods are aoolied and, where possible, the 
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results are coinpared 7;ith experimental data. The 
methods are neces': arily only r^pproximate . Fven if the 
potential flov; could be exactly calculated, the actual 
flovj would lively depart so widely from the calculated 
flov' as to render the results Invalid. The exercise 
of judgment, based on experience, and the use of experi- 
ment in evaluating the effects of boundary layer, separa- 
tion, compressibiM ty , interference, and departure of 
t>ie shape from that for v-.hich pressures c?n be com.puted 
are necessary in order to arrive at useful results. 

AlthouiTh little opportunity for systematic experi- 
m.entation iv3 likely at present, the study presented 
herein is be^'ng applied to turret shapes on pf.rticular 
airplane m.odels being investigated at LFAL v;ith a view 
tov/ard improving the methods of 3stim:ation of pressures. 



P 



pressure 



V 



vel 001 ty 



P 



maw^s d<^ns 



ity 



q 



dynamic pressure, free stream, unless otherwise 
stated l-p^'^j 




P 



p re s su re c oe f f i c i en t 




M 



Mach number, free streajA unless otherwl.^:'e stated 



AV 



velocity i n c rem e n t 




ve 1 o 0 1 1 y- i nc re-rne n t c o c f f i c i e n t 




Carter-ian coordinntts 
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comple.x variabl es 



Subscripts I 



1 



incomore sslbl.e or low speed 



o 



In -undisturbed stream 



local 



Other s;/r^bols are introduced and defined as needed. 
Insofar as possible, the notations of the references are 
retained in the present report. For thu. s reason, more 
than one quantity may be desieTxated by the sarr^e symbol 
or one quantity rr:ay be designated by more than one 
symbol . 



Although the airolane with its canopy, turrets, 
blisters, and other protuberances is a comollcated 
three-dimensional form about which even the potential 
flov/ cannot now be computed, an estimate of the pressures 
on the protuberances can be obtained. The airplane 
presents the general apoearance of a v/ing, fuselage, 
and tall v;lth the protuberances superposed. These 
protuberances are usually of small length relative to 
the length of the fuselage or to the chord of the wing 
and are very often quite thick in relation to their 
length. The loads over these pro tuberance s tlieref ore 
are assum.ed to be determined largely by r.he shapes of 
the protuberances and to be modified by the interference 
of the wing and fuselage. As an approximation that is 
usually valid unless the protiaberance is located near 
the nose or in the wake of the tody, the total velocity 
V is assumed to be equal to the sum of the velocity 
over the protuberance without j.nterf erence and the 
induced velocity increm.ent /\V due to the interfering 
bodies or, in coefficient form:, 



METHODS FOR CALCULATION OF VELOCITIES 



OVER PE0TTJ5E?AiviCES 




^ ^^protuberance alone 




interference 



(1) 
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Methods of determining the velocity IncreTnent due to 
interference are given in the appendix of reference !• 
In TT'any cases, the interference is sufficiently small 
that it may be neglected. 

It is convenient and sufficiently accurate to apply 
the cor^pressibility correction to the pressure coeffi- 
cient estimated for incompressible flov; 




where Vj/Vp, is the value of equation (1^ for incom.- 
pressible flow. The pressure coefficient for com- 
pressible flow is then obtained fromj an approximation 
given by Frandtl in reference 2 as 



^. _^ Pi 



(3) 



where M is the stream Hach number. An approximation 
that in specific instances has been founci to describe 
experlFient al results more accurately than Prandtl's 
method has been given by von Karman in reference 5 as 

P. 

P ^ A (1,^ 

A-n^ . ^ 



2 / 1 + Jl - ir -j 
\ ' J 

Equation (5) is sufficiently accurate, however, for the 
estimations described herein. 



The pressure distributions obtained up to this 
point apply in potential flow. The effects of departure 
from, potential flow, which include development of the 
boundary layer on the surface forward of the pro tuber r 
ance, separation of the flow, which occurs regularly on 
the rear of blunt bodies, and interaction of these 
effects with comipressiblli ty must now be estim.ated. Al- 
though the boundary layer and the point and existence of 
separation mipht be calculated, at least for low speeds, 
by the m.6thods of reierencewS L. an(? S (with m.odif ication 



CONFIDENTIAL 



KACA ACR FOo ^iiJlO 



CONPIDEKTIAL 



5 



of the r.oir.entum oquation for the three-dl-mensional f lov/) , 
no metJiod is knov/r fo:-' calculating the corresponding 
pressures nor Is 'S-ny theory available for estiinating 
the compressibility interaction. From the meager 
experimental datr-j availr^ble, those effects can be f:t 
least qualitatively estimated. (These data are 
presented and discussed in the section entitled 
"Applications.") In brief, the orocedure Is as fcllo\?vs: 

(1) Estimate the velocity-coefficient distri- 
bution for incoifipressi ble ootentlal flow ovei- the pro- 
tuberance 3 1 1 ape 

(2) Estirrato the interference velocity coef- 
ficients for incom;pr3ssible potential flow 

(3) Add the coefficients obtained in steos (1) 
and ''2) as in equation 

(U) Isj use of scop (3)^ compute the pressure 
coefficients for incoiripressible flow (equation f2)) 

( 5 ) Appl y the comp r e s s ib ill ty c orre c t i on 
( equation (J) or (li.) ) 

(6) Estimate the effects of deoai^ture fromx 
potential flow 

In practice, as aopears in the examples, some modification 
of this orocedure may be necessary. 

"^he rest o.':' this section is concerned largely with 
the determination of the velocity dlstributicn^with 
potential flow over specific protuberance shapes v:ithout 
interference. 

Crene r al 0 on s i d er rj t \ on s 

Prctuberancp.s often appear as bodies that are 
approximately half of symmietrical lorms cut by an infinite 
Diane as indicated in figure 1. The flow without the 
interference is then theoretically aoo:-o.ximate to the 
corrtjspcnding half of that over the complete body. In 
m:any cases the ?ialf-body aoproaches the tv/o-dim.ensional 
form (airfoil), for ^vhich the pressure distribution is 
always calculable; t>ien, as the pressure changes are 
larger in the two-dimensional than in the thi-ee- 
dim-ensional case, j t is conservative to consider the 
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flov^ tv/o dimensional. In o'*:her oases the sliP-pes may 
approximate simole threG-ciimens lonal forms, such a3 
spfieres and. pi'olate or oblate spheroids for which the 
flov! is known, and the corrsspondlng -orescure distribu- 
tions may be assumed. 

Tf the form of the body or half-body is such that 
the flow cannot be directly calculated, it -may be approxi- 
mated by various devices. If the shapes of the front 
and rear edges of a protuberance are dJ. freront, inasmuch 
as the flow over one edge is often little affected by 
that over the other, it may ht^ possible to compute the 
pressure districutions over front and rear edges sepa- 
rately and to join tlie distributions at the center. 

In some caseG a simple oody, for which the flow 
in three dimensions can be calculated., may be modified 
by 8 t'ivo- dimensional method to approximate a given 
shape. Such a modification depends upon the assumption 
that a small local change in the radius of a body of 
revolution produces a local t\vo-dimensional effect. 
As the radius r of the body of revolution becomes 
larger, this assurnotion becomes more nearly correct. 
For example, the p:^essures over the lio of an open engine 
cowling aporoach the pressures over an airfoil with the 
profile shape of the lip and with the same effective 
angle of attack. An example of an oblate spheroid 
modified to anproach the shape of the Paxson turret on 
the Brewster S32A-1 airplane is given in the section 
entitled " Anulications. 

T w o - Di me n s i o n a 1 S h ap e s 

ArM t r a^y f o rms . - The two-dimensional poteixtial 
flow past sprl^TuFtrical orofiles that correspond to given 
half-bod' es can be obtained by the method of Theodorsen 
and Garrick (reference 6). In many cases, however, 
less laborious methods suffice. The graphical method 
of Jones and Cohen i-eference 7) is well suited to the 
computat-i.on of notential flow over bumps. 

Forms for whi ch poten tial flo w is kn own . - In cert ai n 
c a s e s 7*^* tEe f o rm oY^iTIe ofcliube ranee approaches that of 
some two-dimensional profile for which the pressure 
distribution or corresnond: ng velocity distriDution is 
already known and can be applied without much furtxier 
computation. Three such simple orofiles are the 
infinitely long circular cylinder, the ellipse, and the 
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double-circul ar-arc profile. For the circular cylinder 
moving normal to its a.ris, the velocity distribution 
with Dotentlal flow is given by 

V = ZV^ sin 9 (5) 

where 9 is the polar angle measured from the stream 
direction and V^ is the forward or stream velocity. 

The velocity distribution about the elliptic 
cylinder moving parallel to its major axis is given 
by Zahm in reference 8 and may be expressed in the form 




V = (1 4- ^J^ / ~Z "77 TT— (6) 



where 

a semimajor axis 

b sem.iminor axis 

X distance along major axis from center 

The forward oortlon of a symmetrical airfoil shape 

with zero lift can often be approxim.ated by an ellipse 

as in figure 1(c). If x Is the distance from 

^ m.ax 

the nose at which the m.aximum ordinate Y^-nax occurs, 
the equivalent ellipse can usually be determined from 



«^'m.ax 



a 



X 



^max 



The velocity distribution over the forward portion of 
the airfoil may then be token the same as that on the 
ellipse • 

Another very useful shape is the double-circular- 
arc symmetrical ai'i'foil, of which the upper and lower 
surface profiles are arcs of the sam.e circle. The 
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confo.rmal transf omat ion into 9 c'.i^cle is given by 
Glauert in refere.ic:. " • . The velocity distributions, 
obtained by potential theory, are given for different 
thicknesses by the colid lines in figure 2. 

Th in bodies by si on c^__me thod .-As imp 1 e anp r ox:' mate 
two- diraens i onal me tl-oH'^Tia^Tias oroved extremely useful 
has been included in a publication by G-oldstein (ref- 
erence 10). This r-ethod, wh-^' ch gives the velocity 
distribution as an integral function of the slope of a 
symmetrical profile, may be called the "slope method. 

For the derivation of the slope method, the following 
two simpl if y'.ng assume ti ons 'ivc neoe s s ary : 

(1) The profile is sufficiently thin that the 
velocity is nov.here very difl/erent from stream v-;- 
velocity v., 

(2) The slooo of the profile is everywhere small 

These assum/ptlons preclude the existence of stagnation 
points. 

The symm.etrical profile may be assum.ed to be 
represented by a distribution of sources d^l/clx along 
the chord c. The velocity increment zi(AV) at any 
point {x^rjo^ "^'^ ^^he profile (fig. 5) due to the 

source elem.ent ^ dx at x 's 

dx 

dx 

A(AV) - (7) 

2Trr 



Because the profile 3S thin, the velocity at (x,3,y,-^) 
cannot be very different from the veloclt;v at x,\; thus, 



Ox 



A(AV) ^-^ (8) 



2iT (x - x) 

^ o ' 
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The total induced velocity therefore is 



For unit length of the profile, the crocs section 
at X Is 2y and, with V ^ V^, txhe volume flow 5s 
approxiinately equal to 2VpjT. The volume flow through 
any cross section, however, rriust be equal to the total 
output of the sources upstream and, therefore, 



or 



dQ . d-- ^ ^ 

- — (10) 

dr. ^ dx 

With substitution of the value of dll/dx from equa- 
tion ''10) in equation f9), the coefficient of the induced 
veloci ty beccrries 



V 

• o 



X. 



- X 



(11) 



The Integrand in equation (11) can be expressed in 
trigonometric forin but, for the oresent ourooses, the 
algebraic expression is retained. The velocity 
coefficient is gvven by 



o o 



"^f the slo-^-c dy/dx is known as an algebraic 
function of x, the velocity distribution can usually 
be obtained without inu.ch trouble as a function of x,. 
The integrand in equation (11) aooroaches Inl'lnit 



~o 



or becomes inde te rrlnite at x ~ x^_, but the integral 
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is usualiY finite; the infinite positive and negative 
strios cakcel. If the integral approaches infinity at 
8 given ooint x^, a finite integral that yields a 
velocitv' increment which approximately agree? with the 
actual flovj can visually be obtained for a slightly 
different value of x^. 

T^he si ope method is more useful than might be 
supposed from the restrictions imposed in the deriva- 
tion. Although the results are not exact, they provide 
a reasonably good aoproximation even for relatively 
thick forms", especially over re,?ions of the profile^ 
hav'ng small slooe. The method is not applicable in 
the'vl c-lnity of a stagnation point or where the 
slooe dy/dx is large. This difficulty may, however, 
be circumvented. I'^'^any orotuberanco shapes involve no 
vprv large values of dy/dx and require no stagnation 
point. If a stagnation ooint does occur, the velooxty 
distribution over'the rest of the profile at some 
distsnce from the nose r^ay be approximated provided the 
rounded nose or tail, which involves infinite slope, 
Is extended in a cusp or otherwise is slightly altered 
to prevent very large values of dy/dx. 

A reasonable accurate velocity computation can be 
made if the slooe method is applied not to the given 
profile but to the shaoe obtained as the amounts Ay 
by^wVch the ordinate?.' of the given -orofile exceed those 
of a similar orofile, such as ellipse or Joukowski air- 
foil, for v^hich the velocity distribution is known. The 
veloc-ity increments are simoly superposed; that is, the 
required velocity distribution is the sum of the velocity 
distribution on the sim.ilar profile and the increm.ent AV 
found for the difference shape. Three-dimensional 
shapes may be slightly modified in the same way. 

aiven nrotuberance profile shapes can ofton be 
approximated by the juxtaposition of a series of arcs 
for which the slopes are giver, as relatively simple 
algebraic functions - for example, circular, elliptic, 
and oarabolic arcs. The induced- velocity coeffi- 
cient AV/Vq inay then be obtained from equation til) 
by'^direct integration. This orocedure yields approxi- 
matelv correct velocity distributions even though the 
curvature at the 'unctions m.ay be discontinuous. Tne 
slope should obviously be made continuous; that is, the 
arc's should have the same slope at the Juncture. 
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A protuberance 9rof3l3 nay have the ao.proximate shape 
of a single simple s.vZy such as the circular arc, in v/hich 
case the velocity distribution is easily calculated. 
Thus, in figure /l., 



dv 
6.x 



tan e 



X = r sin 9 



dx - V cos 9 d9 



and eq ua t i on (11) b e c ome s 



In a de 



rr 



1 1 a 3 - 5^in 



TT 



•)^1 



d3 -I- Gin G. 



sin e - sin 9^ 



(13a) 



Integration rnd substitution of the limits give 



AV _1^ 



^63^ + t an e 3 



^••?in 9^^ tan -— +cos e,-, - l'\^ 
sin 9n tan -—-cos - 1 \ 



^ c 0 i 



\ Sin 9^ tan - c-f:- 9., + 1 I 

/ 



^1 

,sin 9r, tan cos 9^ + 1/ 



-1 



>(l^^b) 



for the velocity ell s tri outi on as a function of 9,->o 
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From fifTure [•. , 

2r 



= sin"' ^ 



and 



or 2 -2 



2h 



from v/h:> ch 



- s^'n-- -— (lij.) 



1 X U- 




h 

= ^"i^"^ ^ (15) 



O L 

-1 ^ 



1 4- 



Substitution of equations ( li- ) and. in equation (IJb) 

gives the inav.oe5 -vel ocl ty coefiicient AV/^^^. as a 
function of the chord -^osition x^/c and of the thick- 
ness ratio v;here >'■r^/- is rr-easured from the center 

C O' 

as sho'vn. The vslocity increnents for circuler-arc 
profiles ranging in thickness r^^tio from 0,1 to 0.^ are 
shown in figure 2, in v;hich the results of the slojie 
method ere oorrpared with the results of the accurate 
conf ornal-transf orr^ation rriethod. In figure 2, x/c is 
rneasured from the end of the profile rather than from the 



CONFTDSKTIAL 



NAC/\ Ao:^ ro. [.krio goitfidential 



13 



center. Up to a thicknes-^^ ratio of 0^2, the slope 
metiiod givea a fai.r aporoxlmation of the velocity dis- 
tributions over circular arc3« As was to be expected, 
the error is greater in regions of greater slope. The 
velocities at the center of the profile^ wliere the 
slope is zero, are approxinate] y correct even for the 
50-percerit-thick profile. 



Three-Dinensional Shapes 

Methods available for the calculation of flov/s in 
three dir.ennicns are less general than the corresponding 
tV'O-dimensional nethods because, except in the special 
case of the ellip'^.oid v/ith three unequal axes, they 
apply only to bodies pos res sing axial s^T^iiretry, that is, 
to bodies of revolu.tion. Many protuberances are 
approximately axially s^Trime trical;, however, and the 
three-dirr:ensional theory rr:ay prove useful in estimating 
velocity and corresponding nressure distributions in 
these cases. 

The sph ere,- The sj.mplest body of revolution 3 s the 
sp?iere, for v/hich the velocity distribution is given by 



V 

V7 



- 1,5 sin 9 



(15) 



where the angle 9 is m.easured along any meridian 
starting from, the stream or flight direction. 



['he oblate ^^■pheroid,- A body of revolution resembling 



a gun turret 



the oblate spheroid obtained by revolving 



the ellipse about its minor axlso Motion in the direc- 
tion of a m.alor axis of the ellinse as shown in figure £ 
correspond'^? to that of the gur> turret* The potential 
is given by Lam.b (reference 11) in terms of the ellrptic- 
cylindrical coordinates [i, and oo. At the surface 



the oblate spheroid, ~ L 



and 



r 



is given by 



V ^ ka/ 



(r 



where a and b are the semimxajor and semJ,minor axes, 
respectively, of the corresponding ellipse, P'romi the 
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potential, the velocity distributplons fit the surface 
relative to t}.e body nay be derived. 

Arormd the rim in the YZ-plane (line 1, fig. 5) 

= L sin 0) (13) 



/run 

where 



L = — (19) 

^o^ + 2 - + i)cof3- to 



and 00 is the an.rle with the plane containing the direc- 
tlon of flov/ and the polar axis as shown in figure 5 and 
is related to the distance alonn; the Y-axis Pleasured 
from the center by 

y/a = cos 00 



The velocity over the top in the XY-nlane (Tine 2, 
fig. 5) is 



/> + 1 \y'^ 



v/here 



The velocit-^'- across the meridian lyinc^ in the 
X3-plane (line 3) is 

\/'^/a;=Tr/2 



which, for a given thickness ratio b/a, is constant; 
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that Is^ the velocity at the surface across the n.erldian 
perpendicular to the motion of an oblate spheroid moving 
normal to its polar axis is constant • Although velocity 
distributions along other lixies on the surface may be 
obtained, those given by equations (l8), (20), and (21) 
are of greatest interest and are most simply derived. 

The prolate spheroid>>- A related body, for which 
the velocity distribution is more easily obtained than 
for the oblate spheroid, is the orolate spheroid moving 
parallel to its polar axis. The velocity distribution 
at the surface along any meridian as given by Sahm 
(reference 8) may be expressed as 



where 




where the eccentricity 



and a and b are the semximajor ajid semiminor axes of 
the corresponding ellipse. 'Hie equivalent prolate spheroid 
can be em.ployed to approximate the forward portion of 
a body of revolution in exactly the samj way in which 
the ellipse was used to approximate the forward portion 
of a symmetrical airfoil. (See fig. 1.) The velocity 
distribution over the forward portion of the body of 
revolution may then be considered the same as that over 
the corresponding portion of 'cho equivalent prolate spheroid. 
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Bod y of revo luti o n re pre sen ted by azi al^ source_ 
d i st ri oiiL l on . - The \eToci ty di s trl button about a body of 
revolution v;-.th flov; parallel to the axis can be obtained' 
by the iijethod of von Karman (reference 12), provided the 
body can be represented by a distribution of sources and 
sinks along the axis. This rethod is useful for a very 
regular body for which r.h.e shape of the r;eridian j:;roflle 
can be ^.iven by only a few ordinate s. Tf the rneridian 
profile is irregular, the jrethod is tedious and perhaps 
ImpossibDe. It is described in detail in reference 12. 

Body of revol ution rep r^-^sented by doublet di stri- 
bu t i 0 n a 3. on ,g ax i s "r.o r^^ al to' fl ow. - "The c 1 r cul ar c yl i nde r 
projecGi.ng from a plane surface A- A (fig. 6) is considered 
a half -body of which the other half is shown by dashed 
lines. At the plane of sy.j^rietry A- A, the velocity 
irixst lie parallel to the plane anc tangential to the 
surface of the cyl^'nder. At other planes, cross 
velocities occur and reduce the peaks; the rr.axlrnuia 
velocity changes consequently occur at the plane A-A, 
except possibljT- over the sharx^ corners at the ends for 
w^hich the velocity d is tribut 3 ens cannot be computed. 
By a m-:thod described by von KaVrnan (reference 12)^ the 
part of the polar oxls occupied by the cylinder is 
covered ?;ith a doublet of "riorent per unit len^:;th equal 
to that obtained if the cylinder weie infinite in length. 
The ends of the c^^lind.^r corresponding to th^s rrjathe- * • 
matical device are rounded rather than plane as shov.n; 
the in.-^luence of the rounded ends on the velocity dis- 
tribution at the plane A-A must be sr^^all, ho'wever, and 
the ends of actual gun turrets are rrore likely to be 
rounded than plane. The pressure- distributions in 
planes parallel to the plane A-A generallj^ are sl^nilar, 
but the peaks are lower as the end of the cylinder is 
approached except that, in the re,.;.lon of small radius 
of curvature near a olunt end, high peeks m.ay occur. 

The velocity at the surface of the cylinder in thg$ 
plane A-A is 



- (1 + cos e ) sin 0 (23) 



where 0 is the poler angle measured from the plane 
containing the flow direction and the polar axis, 6 is 
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the angle shown In figure 6 for which 



cos 9 = — - 



/r2 + 



r is the radius of the cylinder, and 
of its rrojection from the surface, 
whic"! r is not constant is treated, 
is 6-e "'.(M'ibed In reference 12. 



I- is the length 
An example for 
later. The method 



?-od^- o f revolution by method of Kaplan .- A method 
hcp. reTenTTy been developed by Kaplan ( reference 13) by 
which the potential flow about any body of revolution 
m.oviug in the direction of '.ts polar axis may be calcu- 
lated to an77 desired degree of approximation. By this 
mei>: jd, tne f ] ov; is obtained v/ith orthogonal curvilinear 
cooidi:i::.tes for v/hlch the surface of the body itself is 
a ccn--5'rHnt. The coordinate system, which is different 
for each body, is obtained by m^eans of the conform.al 
transf oi*m.ation 



^1 

- Z + c. -f ~ 



a.. 
Z2 



^3 



{2k) 



which trans form.s the circles n = Constant and the 

radial lines g ~ Constant in the piano Z - Re^e" - 
into the corre soonding orthogonal coordinate lines in 
the z-plane, where t] - 0 is the meridian profile of 
the body of revolution. The potential is given as a 
series of terms involving the Legendre functions 



and 



and the constants 



n 



in equati on ^ ah ) 



"n 



apoearing in the series 



The derivation «-^f the necessary f^onctions has been 
extended in refergnce 15 only far enou^^h to take account 
of the termx a^/z^ in equation (2l|-), If additional 

terms are necessary to describe the meridian profile to 
a sufficient dcegree of approximation, the corresponding 
functions must be derived. The method of derivation 
Is described in detail in reference I3. Fewer terms of 
equation (24) are required as the profile is more regular 
and m-ore nearly approximates the ellipse. For irregular 
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bodies, adda.tional terms are required and the labor 
necessary to calculate tVie flow is greatly increased. 
The practical utility of the method is therefore mv6h 
greater for regular bodies - such as airship shapes, 
fuselages, or nacelles - than for irregular shapes. 
For such regular bodies, the labor required is not 
excessive . 

Ap proxiir^ate thin b ody.- A thin-body method appli- 
c able to bodies of revoTuTlon and corresponding to the 
slope method in two dimensions has been suggested by 
i^'^unk (reference ik, p. 269). An attempt to use this 
method, indicated that, w:'th usual fineness ratios 
(less than 10), the accuracy ^vvas insufficient for 
estimating induced velocities over protuberances. 

Ao p r oximate body of revolut i on for use v;ith method 
of K2p"l'"Krr. - If the transfofmatiori ( ^L.) is knov/n (it can 
all^ays^'De obtained by the- m.ethod given in reference 6) 
and if the given meridian orofile can be sufficiently 
well approximated by, the first three or four terms of 
this transformation,' the flow about a body of revolution 
moving in the direction of the polar axis may be cal- 
cu].ated by -^"aplan's m.ethod with no more labor than is 
required by the thin-orofile method. The potential 
flow thus calculated is the potential flow about the body 
that corresponds to the terms retained in equation (2)1). 
If the given body of revolution does not depart too 
greatly 'from an ellipse, the required transformation 
may be approxim.ated a method of superposition. 

The series of equation (2li) can be written in the 

form 



z - X + iy 



.2. 



^2 Ra c.^^R^a e^R-'a 

zz z - + c, - -i— - — . . . (25) 

Z 1 Z ^2 7? 



where 

2 z: Re""^-^ 



i ' I in, 

R (1 + Oa 
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and a is a constant depsnding on the size of the tody. 
On the profile f r, = 0), equation (25) becomes 



X + iy^ = (l+c)a(cosI-i sin ^ ) + 

O - O ' 1 + € 



(cos e + i sin £) 



+ - c-j^afcos + i sin £) 



€2^(005 2g -f i sin ZD 



(26) 



The first tv/o terms of equation (26) give the 
elliDse 



1 + € + 



cos ^ 



- - - 1 4- e - 



in 5 



(27) 



and the remaining terms give 



Ax 



~ c 



-I - C;| cos f ~ ~ 



OS 5£ 



;> (28) 



-T^ = - £ sin €p sin 2^ - sin 5 • • • 



The coefficients e-| , , and ^-^y "i^^ so determined 

as to yield a slight modification of the ellipse 
approximating a given meridian profile. ^or a small 
m.odif ication of the ordinates, the abscissa x/a is 
only slightly changed and, as an approximation, the 
required modification Ay/a m^ay therefore be determiined 
at the values of x/a for the ellipse. The ellipse to 
be used as a basis for the approximation should be so 
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chosen that the roqiiired irodif ication is as small -is 
possible. The v-ilve of € oorresponding to a given 
thickness ratio B/A, where B is the minor^axls and A 
the major axis, is obtained from equation (27). Thus, 




1 



1 + e + — - — 
1 + € 



and solution for € gives 



+ t 



(29) 



An examole will clarify the method. 

m figure 7(a) is shown a meridian profile to be 
ap:oroxiinated. The ellipse with e - 0.20, also shown 
in figure 7, 's determined to be a satisfactory basic 
nrofile for the aooroximation. The required modification 
of the elliose is shovm in figure 7(e). For convenience 
in this modification, the values of -0,1 sin c, 
-0,1 sin 2^., and -0.1 sin 5^ are dotted against x/a 
as comouted from equation (27). It is seen from fig- 
ures 7(d) to 7fd) with equation (23^ that changes 
the thi clones s of the profile while the symm.etry is re- 
tained, Gp oroduces an asym-ietry forward and rearward, 
and increases the ordinate at the ends while the 

center^ is deoressed. Tnasm.uch as the main adjustm.ent 
required is the introduction of asymmetry (figo 7(q))^ 
must be given some value. It is seen that a value 

of = Ool accounts for a large part of the miodif ica- 

tion required. Further adjustmient requires the eleva- 
tion of both ends while the center rem.ains unaffected. 
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If one -half the elevation is accomplished v;ith and 
one-half with e, , the desired modification i? achieved. 

Because the required elevation Ay/a is -0.0';, the 
values of these coefficients are 



= 0.025 
= 0.025 

The resulting coorC.I natos fr^^m equations (27) and (28),. 
shown as the first i^oproximat ion in figure 7(^)> ^'^'^ 
thei-efore 

^ - (1,2 + — — - 0,02S) cos £ - 0.1 cos 2J - 0.025 cos 5£ 
a \ 1.2 7 

I rr -^..2 - ~r + o.02'jj sin J. - 0.1 sin Zl - 0.02^ sin3£ 

The failure of the first apr^roximation near the nose 
of the .'^^iven profile is r^ue largely to the reduction 
in j^/a^ produced by e^. it is further evident that 

the forward part of the profile is more nearly approxi- 
ir.ated if the value of ^2 reduced from 0.10 to O.O7 

and if the effect of in reducing the value of x/a 

at the nose is neutralized by y:ivin.[^ c-^ the value 0.07a. 

The resulting- profile, v'hich is a satisfactory approxi- 
mation to the given profile, is slio^n as the second 
approximation in figure 7(a). A still better approxi- 
mation is obtained if the value of c-j^ Is increased 
to 0.10a. The v/hole forward part of the given profile 
is then very closely approximated, and substitution of 
the values 

€ 0.20 O.OJ 
€^ ^- €^ 0,025 c-^ = 0.10a 
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in equation (2^) gives the required transformation 



O.Q? 



0>1008 a? 
Z2 



z5 



z = Z + 0,10 a + 



Z 



from which the flow may be calculated without great 
difficulty by the m.ethod of reference IJ, 

Although the approximate m.ethod yields the potential 
flow about a sha-oe somewhat different from, the given pro- 
file, it is considered quite satisfactory for use in 
estimating loads. The approxim.ate shape is likely to 
show slight bum:ps where none occur on the given profile, 
but the resulting pressure distribution is conservative 
in that it shows larger pressure variations than would 
be obtained for a more regular profile. On account of 
manufacturing irregularities, this conservatism, may be 
desirable. Over the rear of a body, moreover, the 
actual flovj always departs more or less from the poten- 
tial flow, and little loss in accuracy may therefore be 
expected from any small failure of the approximation in 
that region. The method here employed should not be 
assumed the sam.e as a simiple harmonic analysis. 

Corresponding b-^dies in two- and three - d i men s i on al 
flows .- If the velocity distribution about a two- 
dimensional shape is l<nown, a rough estimiation of the 
velocity distribution about the body of revolution of 
which it is the m.eridian profile may be obtained from 
the ratio of velocities in three-dimensional flow to 
those in two-dimensional flow about corresoonding bodies . 
The velocity distributions about the corresponding bodies - 
elliptical cylinders and prolate spheroids with motion 
parallel to the m.ajor axes - have been calculated by 
equations (6) and (22), respectively, and have been 
plotted for comparison in figure 6(a). Similarly, in 
figure 6(b), the velocity distributions obtained for 
approximately circular-arc bodies of revolution by the 
method of Kaplan are com.oared with the velocity dis- 
tributions about the corresponding tvjo-dimensional 
shapes. In fi-ure 6, x is the distance from, the 
nose of the body and I is its length. 

Division of equation (22) by equation (6) gives for 
the ellipse and prolate spheroid' 
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a 



(50) 



where indicates three-dimensional flow and 2D two- 

dimensional flow about corresoonding bodies. Inasmuch 
as ka is a function of the thickness ratio b/a of the 
cori'esponding ellipse, equation (JO) shows that the 
velocity distribution about a prolate spheroid is a 
constant times the velocity distribution about the 
ellipse which is its meridian profile. The constant 

-"•"-^ given by equation fJO) is plotted in figure 9 as a 
^2D 

function of the thickness ratio d/l. This relation 
suggests the possibility of using the corresponding two- 
dimensional shape to design a hodj of revolution 
similar to the prolate soheroid with a given velocity 
distribution . 

The velocity ratio —2— j_3 ^-^q^ generally constant 



along the length, hov;ever, as may be seen from fig- 
ure dfb). In particular, the velocity over the tail 
of a three-dimensional body departs less from stream 
velocity than the velocity over the tail of the corre- 

■•3D 

spending airfoil; the ratio therefore increases 

^2D 

and exceeds unity as the trailing edge is approached. 
It is nevertheless reasonable to suppose that figure 9 
could be used to estimate the velocities on bodies of 
revolution over the parts of the meridian profile that 
are roughly elliptical in shape. The following methods 
are suggested as alternatives: 

(1) Fit an equivalent ellipse to the profile as 
in fip'ure 1. With the thickness ratio of this ellipse, 

find the corresoonding velocity ratio r-^ — from fig- 




ZD 



ure 9 • 
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(2) Assume that the corresponding ellipse is the 
one which has the Scrr.e peak velocity as occurs on the 
profile. Fi'^on eiuatlon (6), the corresponding thick- 
ness ratio d/l or b/a then is 



b ^'rrax 
t-a = -f^-l (51) 
o 

which with figure 9 gives the velocity ratio rr— • 

As a test of the method,' the velocity ratios 

- — 5 which \-/ere constant BlonfT the len.^th for the 
•2D ' 

elliptical profiles but generally variable, v/ere com.- 
puted for several pairs of corresponding shaoes-. ■ The 
variation alon^;^ the len.i^th I is p-iven in figure 10, 

in which the values of 7— — for the equivalent ellioses 

'2D 

obtained by ^nethod (1) are- shown for comoarison. 

Method (2) would give quite similar values. For bodies 

of revolution vvith meridian profiles roui-rhly similar to 

• ^ '^D • 

those for which tne values of are iOiown,.- these- 

V 

'2D 

values may be used to obtain velocity estimates more 
nearly correct than can be obtained by use of the 
elliptical profiles alone. Relations similar to equa- 
tion (30) can also be obtained for the oblate spheroid, 
but their apolication is les-s general than for the 
elongated bodies. 

The e 1 1 iosoid v/j th three unequal- a xes . - A p r o - 
tuberance shane not possessink; axial syinmetry - a 
flattened blister, for instance - may be ao.proximated by 
an ellipsoid vvl th three unequal axes. The necessary 
elliptical coordinates and tne ■ potential ai-e given and 
explained in reference lli. on pages 295-302. The mathe- 
m.atical com.plexity is such that, in many cases, a less 
accurate sppro-xlmation by means of the s.im.pler body of 
revolution is preferred. 
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Estimation by Comparison 



Comparison of t'^e shape for i^^hich pressures are 
required with a sor.ewhat similar shape for which the 
pressure distribution has been experimentally deter- 
mined should prove very satisfactory if sufficiently 
extensive systematic exnerimentation had been com- 
pleted" for' the most part, hov.ever, only scattered 
data are available. 

The only existing syster.iatic investigation of pres- 
sure distributions over protuberances at high speeds is 
that for windshields and ooolccit canopies given in ref- 
erence 1. If a ^;iven shape aporoxl rates one of the 
shapes tested, the co-"-i'espondin3 pressure distribution 
may' be assumed. If a shape lies between two of those 
tested, its nressuie distribution may also be as3un:ed 
to lie between the two m:G asured, nmvided no critical 
change in flow occurs - for example, separation or com- 
pressibility burble. If the canopy has no tail of its 
o/^^nbut is faired directly into the fuselage (as in the 
case of the P-llo airplane), the pressure distribution over 
the forward part may^ be assumed independent of that over 
the tail and^-nay be" faired into that for the fuselage.^ 
In comparing canopies, the angle oetween the nose section 
and the hood is assumed an important variable because, 
for the small radii of curvature often found at the junc- 
ture between these two sections, the theoretical pres- 
sures, which are large negatively, are not attained; it 
therefore seems reasonable to suppose that the peak 
negative pressure coefficients are determined largely 
by the angle through which the stream^ must turn. These 
assiimpticns have not been thoroughly and systematically 
tested but, when applied to the estimation of the pres- 
sure distribu.tion about the cock'oit canopy of the F-I).OD 
airplane, gave results in substantial agreement with 
measurem^ents subsequently obtained in the NACA b-foot 
high-speed tunnel (unnublished) c 

The results of experiment m.ay also be used to esti- 
mate the difference in pressure distri bu.tions between 
nearlT similar bodies when the theoretical pressure distri- 
bution can be calculated for one of the bodies. ^-ew data 
suitable for this purpose are available, however. 



COI^TTDENTTAL 



26 



COl^FTDENTIATi 



NAG A ACR No. LkElO 



Fxperimontal dsta med for conpari^on may include 
interf 61-^ence and ooriprosslbili ty effects; in this case, 
the difference in these effects ir.ust be estimated and a 
sui t abl e ad jus tmen t applied. 



APPLICATIONS 



In this section of the present report, certain of 
the methods described in the preceding section are applied 
to the estimation of oressures over various protuberances, 
for some of which experimental oressure distributions are 
available for comparison. These and other experimental 
data are analyzed to determine how the methods should be 
applied and what modifications and adjustments are re- 
quired to bring the estimated pressures into agreement 
with the experimental values. 

Ex ample s 

Mar tin turret.- Complete lov\^-speed pressure- 
distribution data for the '^'artin turret on a model of 
the North American 3-25 fuselage are given in refer- 
ence 15. The location of this turret on the fuselage 
is shov/n in figure 11(a). The pressure distributions 
are compared in figure 12 with the calculated values 
for the sphere and for the oblate spheroid with thick- 
ness ratio b/a - O.67. 

The theoretical estim.ation of the velocity dis- 
tribution about this turret is particularly simple. 
The shape is that of a body of revolution almost ellip- 
tical in cross section and may therefore be represented 
by an oblate spheroid m.oving norm.al to its polar axis. 
The formulas for the velocity distribution over the top 
of the body in the direction of miotion, across the top 
of the body in a olane perpendicular to the direction 
of m.otion, and around the rim of such a body are given 
in the section entitled ^'^'^ethods . " The interference 
from, the fuselage should be small and, except for bound- 
ary layer and separation effects, the agreement between 
estimated and m.easured values should therefore be good. 
Figure 12 shows that the estimxated negative pressure 
peak, in oarticular, is almost exactly the samie as the 
value obtained from the measured pressures. Over the 
top of the turret in a plane perpendicular to the direc- 
tion of motion, the theory indicates a constant pressure 
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and the measured val-^es sho^v alrr.ost constant pressure. 
Failure to reach stagnation pressu.re in front of the 
turret is due to the boundary layer developed over the 
fuselage; behind the turret, where the pressure coeffi- 
cient approaches zero, stagnation pressure is not 
attained o^^Lr.^, to separation. 

Inasmuch as tbe pressures were measured at low speeds , 
no allowance has been made for c om.pressibili ty effects. 
A rough estimation could be obtained by multiplying all 
pressure coefficients F by the factor 



/ 5 

VI - ?r 

Turr et A .- The two locations of turret A on the 
fuselage ar^- shomi In figure 11(b). Its shape and 
dimensions are given in figure I'y . Pressure mieasure- 
ments Gfln, this turret are given in reference l6 and are 
plotted for com.ioarisnn with estlm.ated values in fig- 
ure ill. Turret A is a spherical seg^ient in form and 
is large compared with the fuselage, having only slightly 
smaller radius than the fuselage radius. About a 
third of the radius is projected above the fuselage. 
The turret is located back on the fuselage where the 
interference cannot be large. In consideration of this 
geometrical configuration, it is estimated that the 
pressure peaks cannot be greater in absolute value than 
w^ould occur on the sphere and that, because of the 
interference of the fuselage and the development of the 
boundary layer along its surface, the peaks are probably 
lower. ^ Tae change with Kach num_ber up to M = C.70 
assumed insufficient to cause the pressure coefficients 
to exceed in absolute value those calculated for the 
sphere by the potential theory. The theoretical pres- 
sure distribution for the sphere, as obtained from 
equation (l6) with equation (2), is shown as the solid 
line in figure lii. 

A velocity distribution of approximately the correct 
shape but w.1 th peaks higher than actually occur is obtained 
by applying the two-dimensional theory to the circular 
arcs over the top and side of the turret. The distri- 
bution of inc^uced velocities, from, which the pressure 
distribution is calculated by equations (2) and (12), 
can be obtained by Interpolation for the proper thick- 
ness in figure 2. In this case, the velocity incre- 
ments corresponding to the ^^cre accurate method of 
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conform?! transformation from a circle are used. The 
pressure distributions obtained by this m.ethod for the 
[L^-pQr'cent- thick circular arc on the top and for the 
approximately 27-T3ercent- thick circular arc on the side 
are show, in figure ik. 

The pressure on the rear of the body departs from. 
the estimated values but, without the experimental data 
shown, the limits could hardly be fixed more closely 
than -O.L|-5 for the circular cylinder f f rom unpublished 
data obtained in the NACA 3-foot high-speed tunnel) and 
0.16 for the sohere (reference 17); hov/ever, a value close 
to zero would seem, likely. 

Turret :3.- Turret B is described in reference lb. 
Its IbcatiorT'on the fuselage is shovm in figure 11(c) 
and the shape and dimensions are ^-iven in figure I5. 
A pressure distribution over the central profile (line 1, 
fig;. 15), with peaks larger than are expected in prac- 
tice, may be com.nuted by the two-dim.ensional slooe 
method. ^ The Integral indicated in equation (11) is 
made up of three narts, designated integi-als I, IT, 
and HI, that correspond to the three divisions of the 
profile shown in figure 16. The integral I extending 
from X = 0 to x = 2.S8 inches is obtained from, equa- 
tion (15) with the upper limit equal to 0 and the lower 
limit equal to 9n^. Integration and substitution of 

limits give 
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For the values of x greater than 6.1|8 inches, sin 9^^ as here defined 
becomes greater than unity azid integration gives 1(a) instead of I, v/here 
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For the part of the profile lying betvveeii x = 2.3G inches and x = U-.79 inches, 
the appropriate integral IT is obtained with the upper and lower limits in 
equation (I5) equal to Q and 0, rospoctively . Integration gives 
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The Integral TIT from x = k. 79 inches to 
X = 8.16 inches as obtained from equation fll) with upper 
and lower llrrdts of S.I6 and ^.79, respectively, and with 
dy/dx ^ -O.55L.9 is 



TT -'^x - 8.16 



Then, for < b.kS inchss, 



— = T 4, TT 4- TIT 



and, for x > 6.U8 inclies, 



AV 



= 1(a) + TI + III 



Calculated values have been converted to pressure coef- 
ficients, and the resulting distribution has been 
plotted as the solid line in figure l6. The coeffi- 
cients then obtained are considered limiting values 
and are assumed sufficiently high in absolute value to 
allow for com.oressibil2 ty effects uo to a -ach num:ber 
of 0.70 and remain conservative. 



From the calculated two-dimensional velocity dis- 
tribution, the velocities about the corresponding body 
of revolution v/ere estimiated by the ratio of velocities 
in three-dim.ensional flow to those in two-dimiensional 
flow as given for ellipses and prolate soheroids in 
figure 9. The corresponding pressure coefficients 
are shown as the dashed curve in fi.^jure l6. The shape 
of this turret Is between the two-dimensional shape and 
the body of revolution and, consequently, the measured 
pressures lie bctv;een the estim.ated values for the pro- 
file and the values estimated for the body of revolution. 
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airplane are shown in figure 17. Two alternative ^ 
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sho.pe of the !"'axson turret an;.>roxi--'"ates an o'jlate 
soheroid moving noririsl to the polar axis. The other 
turret is spherioal in shape. The theoretical velocity 
distributions are corriputed first for the turret shapes 
alone v.nthout interference. The meridian profile of 
the ^''axson turret is shov;ii with pertinent dlriensions in 
figure 1&. Inasmuch as the shape i.? s^^Tnmetri cal , the 
pressure distribution is sym'-no t rical from front to baclr 
and only one-half the half profile need be considered. 
The axes of figure iS are arranged to correspond with 
those of figure 5* The turret nrofile is seen to be 
only slightly different from the ellipse v;ith thickness 
ratio b/a = O.67. The difference is shown as the 
short-dash lino plotted alcn.f-, the y-axis. This dif- 
ference can be approximated b;y a circular arc* and the 
turret profile shape thus can be more nearly aporoxirnatoc 
by adding to the ellipse in the region indicated the 
half thickness of the double circular arc of thickness 
ratio t -= O.lL. The corresponding velocity ratio V/Vq 

is obtained by directly superoosing the increments AV/V^ , 
as found for the circular arc b.y intercolat i on in fig- 



file of the oblate spheroid. 'Vi th b/a - O.67, equa- 
tion (17) gives to - 0.01 and the velocity ratio over 
the elliptical section in the xy-plane is given by 
equation (20) for values of «^ . The computation form 
is indicated in the follovjin-- table' 



ure 2, on the 




over the elliotical oro- 



y/ 



V/V^ for 

oblate 
s one 1-0 id 




0 



.20 

.ho 
. 60 

o70 

.80 

.90 

• 95 
1.00 



±1 . 00 

±,90 

±.92 



0 



.ho 
•75 



0 
0 





0 
0 



COiv^ID^WTIAI 



NACA ACH No. I lull C 



CO^n^IDENTIAL 



53 



The velocity increments AV/Vq obtained by the two- 
dimensional method are likely to be somewhat large, and 
seme sm.all adjustment in the corresponding pressure coef- 
ficients iiinst' therefore be made o The pressure coeffi- 
cients with these and otner adjustments to be discussed 
later are plotted along the turret (line 1, fix. 19 )» 

Around the circular rim of the turret, velocities 
some^A^hat higher than those about the rim of the oblate 
spheroid may be expected because of the departure of the 
turret from the true spheroidal siiape and because of 
interference from the cylindrical sides of the turret 
extending down onto the fuselage. ^or use in the esti- 
mation, the velocity around the r?m of the oblate 
spheroid is computed. ^"/Ith =" 0.91, the velocity^ 

distribution C'A^) . is obtained from equation (lo) 



as a functi 
table : 


on 


0 f CO and 


is shorn in the following 


00 

( deg) 


y/a = cos CO 




p - 1 - ^— y 


0 
10 
20 

lo 

go 

70 
BO 
90 


1 . 00 
.98 
.9h 

'v 

. 6ij. 
.17 

0 


n 

. 69 

.89 
1.06 
1.20 

1.50 

1.37 

1.59 


1 . 00 

.73 
.52 
.21 
-.12 

-.IlIj. 

-.69 

-.83 
-.93 



Again because of sjnm-^ie try , this pressure distribution 
holds for negative values of y/a, that is, for O) 
between 90^^ and loO^. 

For the spherical turret, shown in profile in 
figure 20, the theoretical velocity distribution over the 
meridian Ij^lng in the olane^with the forward velocity was 
calculated' from equation (lb), and the pressure coeffi- 
cients were obtained by equation (Z). The values of :y/a 
are obtained from y/a cos 9, where again y is taken 
in the direction of r.otion. 
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For the cockpit canopy, the pressures over the nose 
and the general pressure d? str Lbutlon forward of sta- 
tion 121 (figs. 17, 10, and 20) were estimated from the 
data for the o-]j.-5 windshield given in figure 22 of ref- 
erence 1. The angle between the nose piece and the 
hood v^as L9^' for the SE2A-1 windshield as compared with 

for the windshield; otherwise, the two wind- 

shields appeared sinilar. The data for a ^'^ach number 
of about 0.70 I'^.^ere used, but the negative pressure peak 
was elevated slightly to allow for conservatism in regard 
to the somewhat sharper nose angle of the S52A-1 wind- 
shield. The use of this pressure distribution involves 
the assumption that the difference between v;ing and fuse- 
lage interference in the two cases (airplane and model 
tested) is negligible. This assumption is reasonable 
because the wing and fuselage cannot differ greatly in 
the two ccises and because the interference velocities 
are relatively small. 

The bum.p in the pressure-distribution curve about 
station uQ is intended to represent the slight discon- 
tinuity at the rear of the sliding hatch cover. The 
dimensional data available do net permit the exact 
determination of the shape of the offset and, even if 
the shape were known, the calculated pressure distribution 
would be of questionable accuracy. The m.agnitude of the 
bump above the general pressure distribution was taken 
instead from, the results of tests of a cockpit canopy 
similar to that of the S32A-1 airplane. 

The theoretical pressure distributions for the 
turret shapes are modified by interference, for which 
certain assumptions miust be made. The turret is too 
close to the canopy and too large in relation to it for 
a ready estim.ate to be m.ade of the effect of the canopy 
on the turret pressures; because tlie canopy is situated 
entirely ahead of the turret, however, the assam.ption can 
safely be made that the only effect of the canopy is to 
lower the velocities over the turreto The shape of the 
fuselage in the region of the turret is such that the 
indAiced velocities must be small and in addition it may 
be assumed that, because the wing is ahead of and not very 
close to the turret, the induced velocities due to the 
wing tend to be canceled by the induced velocities from 
the canopy. That these assumptions are reasonable is 
indicated by figure 22 of reference 1, in which the pres- 
sure coeff 1 cients behind the vdndshield with the tail 
and in the presence of wing and fuselage approach zero* 
If the canopy of the SE2A-1 airplane Vv^ere faired out 
with a similar tail in the rt^ar, moi^eovei*, the turret 
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would appear very slirilar to the half-sphere or half- 
spheroid on the tail. The flow over the part of the 
gun turret not there oy covered should be affected only 
slightly by extending the canopy straight back to the 
turret. The pressures over the top ( 13 ne 1, figs. 19 
and 20) have accordingly been taken as those over the 
modified spheroid and sphere, respectively, for which 
the theoretical distributions are given in the first part 
of this section. 

Over the section indicated by line 5 in fig- 
ures 17, 10, and 20, either turret contour is charac- 
terized by' a circular-arc profile of about ^O-percent 
thickness rr?.tio super oosed on the surface of the fuse- 
lage, figure 2 gives the velocity distribution, which 
may be used v/ith equation (2) to calculate the pres- 
sure cl i s 1 1' i b u t i o n . 

Over the rim (line 2, figs. 17, 19, and 20), the 
velocities m.ust lie s'ome where between those over the 
side (line J) and those over the top (line 1). They 
are therefore taVien to lie between the theoretical 
velocities over the rim. of the oblate spheroid and 
those estim.ated for line 3, and the peak is assumed to 
be about the same as the theoretical peak for the 
sphere. The resulting curve is quite sim.ilar to that 
for the sphere and is taken to be tne same for both 
turrets . 

The pressures at line L must be determined largely 
by guess, because the contour itself is only slightly 
disturbed by the presence of the gun turret. The dis- 
turbance at line 3 m.ust influence the velocities, however, 
and it therefore seeded reasonable to assume induced 
velocities one-half those at line 5. The corresponding 
pressure coefficients have been so calculated. 

Behind the turret, because of separation, complete 
pressure recovery as indicated by the theoretical dis- 
tributions is not attained. The pressure recovery 
shown in figures 19 and 20 is based on the tests of 
reference I5. The pressures on the rear of the circu- 
lar cylinder and on tne rear of the sphere are shown 
for com.parison in figures 19 and 20 and are considered 
limiting values for lev; and moderate Mach numbers. 

No adjustment of the pressure peaks has been made 
for the effect of com.pressibili ty because, for such 
blunt bodies, at least up to a Mach n^om.ber of O.7O, the 

CONFIDENTIAL 



56 



CONFIDENT! AL 



F;'.CA ACR No. lIlEIO 



conservatism of the nethods used is assu:ned sufficient 
to cover the chonges. Compressibility may, however, 
cause the separation point to move forward snd Lhus lower 
the negative peaks and decrease the pressure oehind the 
turrets. The negative pressure pealrs therefore may be 
bi^adened backward, and cjome account of this effect has 
been taken in broadbnin^ the peaks in figures 19 20. 
In no case, however, vt li^ast up to a "'ach number of 0.7^? 
can the oressure on the rear of the turret decrease below 
the negative pressure peak that v/ould be obtained in 
potential flow at the same ^'•'^ach number. The negative 
pressure peak in fi^;ire3 19 and 20 is thus indicated as 
the limit of the pressure on the rear of the turrets. 

The development of the boundary layer over the 
canopy ahead of the turret and separation in the rear 
tend to prevent either oositlve or negative peaks in the 
pressure di s tribute*. on from being as great as predicted; 
in this respect, the estimation is therefore conservative. 

Average values of pressares obtained over the gun 
turret of the Brewster XSb2A-l r.iroiane in flight at 
speeds below 22^ miles per hour (unpublished) are pre- 
sented for comparison in figure 19. For obtaining 
loads, the estimation vcom.pares satisfactorily v<;itb the 
m.easured values though, for the top of the turret, It 
appears to be unconse rvati ve . From the data available, 
however, the turret on the XS32A-1 airplane appears to 
project higher above the canopy than was assumed in the 
estimxations and larger pressure peaks mdght therefore 
be expected. The Irregularities in the m.easured pres- 
sure distribution may be caused by the ribs and other 
irregularities on the surface. Severe separation is 
indicated behind this turret, where the pressure recovery 
is little greater than that behind the circular cylinder. 

Lower gun turret on Douglas X SB-2D-1 ai rpl ane . - As 
a f u vThe v e x ampTe tli a? involves ^He methoa of^astribu- 
tion of doublets along the axis of a body of revolution 
moving normal to its axis, the pressure distribution 
over the lower gun turret of the Douglas XS3-2D-1 air- 
plane is estim.ated. The form and location of this gun 
turret are shown in fig^are 21. The pressure distribu- 
tion over the central profile (line 1, figs. 21 and 22) 
is obtained and the distributions over other lines from 
front to back ere assiimied to be quite similar, -or a 
shape that does not 'differ too greatly from, a body of 
revolution, this assum.ption is reasonable and has in 
other cases been found to agree well with experiment. 
(See reference 1, for instance.) 
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The turret wr.s divided for coir.-putat ional ourposes 
into front e.nd rear jarts. The pressures were assumed 
to he the snme as if che turret were a half -tod/ on a 
piano containing the surface of the fuselage irmnediately 
forward of and to the rear of the turret, with a stre:mi 
velocity parallel to the plane. As shown in figure 23, 
the forward part of the turret profile can be approxi- 
mated by an arc of the parabola 




I'lth substitution of the slope 



d(y/c) ry] ) 1 1 rpx 

d(x/c) • * ^ 



in equation fll), the velocity distribution 




shovm in figure 25 is easily obtained. 



The rear of the t'jrret was approximated by a 
quarter-body of revolution with polar axis normal to 
the stream in the horizontal direction and with symmetry 
to the right and to the left. Velocity distribution 
was comiputed by the method of distributing doublets 
along the nolar axis normal to the flovr. (See ref- 
erence 12. ) The cross section norm.al to the stream, 
the central profile thj?t is the approxim.at Ion to the rear 
part of line 1 along the stream^ direction, and the re- 
quired dimensions are shown in figure 2ii. The doublets 
of constant strength are indicated oy the short, heavy 
lines along the axis: and, from, equation (p) of refer- 
ence 12, the notential for one doublet is 

0 - (cos - cos 90 cos ^ 
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By syimetry, the velocity on t :e surface at I - 0 must 
lie along the central profile (fig. 2it.fb)) in the plane 
of the strearn velocity. Because the largest axid smallest 
velocities on the body occur alon^: this profile, this distri- 
bution is of greatest interest. The velocity due to 
one doublet, the i doublet, is 



AV, = — ^ C^os 9. ' cos 9, sin (?f 

Reference 12 sho-'.vs that as an ap jroxiuiation the doublet 
intensity ;a-^ can be written 

ti, - 2rr,2v^.^ 

The velocity increments AV. are parallel and, with the 
substitution for a,. , can bo added to i:rlve 



^ ^ 1 \ ( _i 

V. ^ 2 / 



(cos - cos 9^'") 



SI 



n !2f 



The component of the stream veloc' ty '^'^^ in the direction 



of the orofile is 
therefore 



' o 



sin and the total velocity is 



'•11 



COS Bo » 



cos 6 



it ^ 
i / 



sin jZf 



pTom. the dim.onsions given in li.^are ZL, the comi- 
putation of /IV/V^^ is indicated as follows: 
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• 779 

1.000 
1 . 000 
1 . 000 

.779 
. 5U7 



C03 e ^ ' 



0.717 

-.ii.05 

- . rop 




cos 



cos 9. " 



0. 502 
. !i05 
.lk5 

-.11.1.5 

- , 5 --^ 

-.717 




^^cos 9n' ' - cos 9- 



O.Oh.jI^ 
. 1['72 
.258 
.290 



' - cos 9. ^ 1.187 



The velocity is therefore 



= ^_ + ^^-^ sin = I.59U sin ^ 

which seems reasonable in como arisen with the value 
1.5 sin 0^ for the sphere. The position along the 
streain direction x at which the velocity occurs is 

obtained v/ith — = sin 0", 
^o 

From the velocity distributions thus calculated 
for the front and rear portions of the turret, the 
corresoonding oressure distributions v^ere obtained by 
equation (2) and were then Joi^ied at the center to give 
the solid line in figure 22. Some adjustment of pres- 
sures was necessary to effect this junction. 

For the turret in the guns-abeam position, the 
pressure distribution over the cylindrical surface 
(line 2, fig. 21) was estimated by assuming a circular 
cylinder projecting from a v/all. The dimiensions are 
such that cos e = O.h.^Z. Substitution of this value 
in equation (25) gives the velocity on the surface of 
the cylindrical gun turret near the fuselage. The 
pressures are thereby/- determined and are shown as the 
dashed line in figure 22. 
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The remarks concerning the effects of Interference, 
boundary layer, and seoaration on the SB2/^-l turret also 
apoly to the XS3-2D-1 turret. rcr the reasons discussed 
in reference to the r32A-l airolane, no compressibility 
correction has been applied. The turret does not project 
from the fuselage so far as i/vas assumed in the calcula- 
tions. For this reason, the estimated pressures should 
be more conservative than v;ould otherwise have been the 
case. iTo exoer!mental data are available for comparison. 

Analysis and Discussion 

The agreement between estimated and measured, pres- 
sures generally is better than had been expected and it 
appears that, if allorance is made for the effects of 
interference and separation, calculations based on the 
potential -flow theory give a satisf actor- indication of 
the maximum' loads. ^ The agreement is good for the "Martin 
and Faxson turrets, v:hich approach forms for which the 
potential flo'.'v can be accurately calculated. In other 
cases, the actual oressures may depart widely from, the 
theoretical values. The reasons for this divergence 
from the calculated values - Y/hich are connected with 
departure of the shapes from^ those assumed, with com- 
pressibility effects, v.'ith interference, and with sepa- 
ration and other boundary-layer effects - are now dis- 
cussed. The experimental data available are analyzed 
and com-oared with theoretical values to determ.lne, at 
least qualitatively, the m.odif ications that should be 
made to calculated pressure distributions in order to 
approxiiiate m.ore closely the actual values. The appli- 
cation of pressure distributions to the estimation of 
loads is briefly considered. The following additional 
figures are introduced: 

Pressure data obtained in the TTACA 8-foot high- 
speed tunnel ^unpublished) on approximately hemispherical 
turrets at different locations on a fuselage are shov.n 
in figure 25. The orifices at which these pressure data 
were obtained were located at the tops of turrets G, D, 
and E and at ^he side of turret G, where velocities 
approaching the mxaxim:um. should occur. The variation of 
T^ressure coefficient P with stream ^^ach number M 
is compared with the theoretical variation given by the 

factor ^ Tn figures 2^ to 27, the curve of 

/ - 

critical pressure coefficient P^^ - that is, the 

CONflDEITTI-^L 



Nc'lGA AGH No. L-iiElO CONFIDENTIAL i-il 

pressure coefficient corresponding outside the boundary 
layer to the attainment of the local speed of sound - 
is' shovTi to indicate the critical speeds of the turrets. 
The critical Mach number Ll^^ is the i:ach number at 
Tf^hich the pressure-coefficient curve intersects the 
?^^-curve. 

Figure 26 shows a comparison between the pressures 
at the top of two spherical-segment turrets A and D, both 
in th.e forward location of turret A as sho^^n in figure 11(b) 
and projecting different portions of the radius above the 
fuselage o These pressures are compared with the theo- 
retical pressures for the sphere including the variation 

with Mach number given by the factor 



A comparison is given in figure 27 betv/een pres- 
sure coefficients at various positions on the faired 
turret B of reference l6 and those on a thicker faired 
turret F, both in the location of turret 3 shown in 
figure llCc). The variation with ilach number is shown 
and compared v;ith the theoretical variation. 

Figure 28, for which the data are taken from ref- 
erence 1, shows the pressure change with Mach number at 
four different points on windshields representing bodies 
of three different types: the J-l-l, which has a blunt 
tail; the Y-J-k, which is characterized by a sharp 
corner at the nose and by a long, faired tail;, and the 
X-1, which is well streamlined. 

Depar ture from f orms for v.hi:! ch potential flow can 
be calculateoT - The shape of a protuberance is usually 
such that the potential flow cannot be exactly computed. 
Experlmient is therefore needed to determiine the effect 
of systematic departure from form.s for which the poten- 
tial flow is calculable, such as variation in segment of 
a sphere from the half-body or variation in thickness of 
a body. The effect of these variations is indicated in 
figures 26 and 27. The pressures vary qualitatively as 
might have been expected; that is, larger peaks are 
obtained for thicker bodies. The data are insufficient, 
however, to define any quantitative relations. 
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Figures 25 and 26 ind'cate that, unle^^s considerable inter- 
ference Is present, the limiting pressure on a spherical 
segment less than a hemisphere may be taken as that on 
the sphere. 

Coriipresslb ility. - The effect of comore ssibili ty on 
the pressure coeT7rca ents over protuberances cannot be 
accurately estirr.ated although a qualitative estimate of 
the rature of the change of pressure with T-ach numoer 
may be obtained. The theoretical variation shown in 
equations (3) and ( L) and derived in references 2 and 5, 
respectively, strictly applies only to potential fl.ov/. 
The actual variation m.ay be greater or less than the 
theoretical variation and may evexi be ooposite in si^n. 
For protuberances, vrhl ch are usually influenced by 
boundary-layer development foi-^/ard of the protuberance 
and by separation of the flow, the theory is less use- 
ful than for airfoils, for v^hich tlie flow generally 
anoroacVies mo:^e nearly the potential. As shown in fig- 
ures iL., 16, and 25 to 2&, the pea'^ negative pressures 
generally increase ^- th ^-'ach num.ber more rapidly on well- 
faired bodies located on the forward part of the wing, or 
fuselap^e than on jlunt bodies located near the tail. A 
detailed examination of the experimental data available 
indicates hov; and why the pressure coefficients in dif- 
ferent positions on protuberances change with ''ach num.ber. 

On the low-cambered turret A of figure la,, the peak 
pressures change with ^'ach number apr,roximately as pre- 
dieted by the Glauert-Prandtl theory. At the rear of 
such a body, the oressures decrease because of an increase 
in severity of separation - a com.prossibili ty effect that 
has been observed in other tests (unpublished). The 
com.pressibility effects on the faired turret 3 of fig- 
ure" 16 are similar to those on turret A, except that for 
turret 3 the positive pressure coefficient at the rear, 
which should theoretically have increased, was m.aintained 
constant by the slight separation of the flow or 
thickening of the boundary layer. The effective change 
in shape cf the form v;as apparently sufficient to cause 
a sligh'i. decrease in the negative pressure coefficient 
at the '^-inch station. 

Figure 2^ shows different compressibility effects 
on the pressures at the top and side of approximately 
herrd spherical turrets that depend on interference and 
the boundary-layer developmient ahead of the turret. 
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Turret C is subject to considerable interference fron the 
windshield just downntreain. This interference decreases 
the velocities and prevenus the increase in negative 
pressure coefficient vith -'ach nurriber that v;ould other- 
wise occur. Turret on the other hand, is placed in 
a region in which the Interference may be expected to 
increase the velocities; and the increase V'ith !.!ach 
number of the top negative pressure coefficient approxi- 
mates the theoretical increase up to the ci^itical speed, 
after which it increases sharply for a short '"ach n^omber 
range. Turret E, which is located far back on the fuse- 
lage and therefore subject to considerable interference 
from the boundary layer, shows small change in the Pres- 
sure coefficient with ^^'ach number. 

The turrets of figure 26 were located in a region 
in which the boundary layer on the fuselage must have 
been very thin. In addition, considerable interference 
was possible; the oossible effect of interference in 
increasing the change of pressure coefficient with ^'ach 
number is discussed in reference 1. The rjeak negative 
pressure coefficient on the approximately hemispherical 
turret D increased v/ith '''ach number about according to 
theory up to the critical speed and. more rapidly there- 
after. The increase on the lower-cairbered turret A 
aporoxim.ates the theoretical increase c 

The com.oressibi li ty effect on the pressures of 
turret 3 has already been noted in figure 27- The 
variation of the peak negative pressure coefficients 
appears to agree closely with the theoretical variation. 
For the thicker turret I^-, the separation should be more 
severe; this fact is probably the reason that the pres- 
sure coefficient at the top increases less raoidly with 
Fach nui-nber than the theory indicates. larther back 
on the turret, the change in effective shape due to 
separation produces a large decrease in negative pres- 
sure coefficient as the '^'ach num.ber is increased. 

The effect of compressibility on pressure coeffi- 
cients at points on bodies of three different types 
(from reference .1) is shown in figure 23. For the 
well-streamlined X-1 body, the pressures at points b 
and d agree with the theoretical change with :^ach 
number; at point a, the peak Increases more rapidly 
than the theoretical values; and, at point c, the 
effect of thickening boundar;/ layer in decreasing the 
pressure is seen. On the ^-'^-h. bod^ , vjhich has a 
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v/ell-faire:a tail and a sham corner bstveen the wind- 
shield and the hood, the pressure at point d agrees 
with the theoretical variation, the oressure at ooint c 
Phow3 the effect of thickening boundary layer, ana the 
negative oressure coefficients at points a ana b a short 
distance behind the oolnt of separation decrease before 
they start to rise with "-.'ach number. On the J-l-l 
body, v.'hloh has a blunt tail, the pressures at points b 
and d change about as theoretically predicted, che pres- 
sure at looirt a soirewhat a].ier,d of the separation point 
fails for the mnzt oart to decrease as fast as indicated 
by the theorv, and the pressure at point c on the tail 
decreases sreatly behind the point at which separation 
probably occurs. 

The effect on nresr.ure coefficients of change in 
^^ach number is seen' to be different for different 
noints and for different bodies. For roughly similar 
shaoes in similar locations, the corres;?onding varia- 
tions with ye.ch number may be assured. 

The effect of compressibility on the pressures 
over a orotvibe ranee obviously depends on the Reynolds 
numbe-f' of the protuberance and of the body on which it 
is r)laced, inasmuch as the type of flow must be a func- 
tion of the Reynolds number. Compressibility effects 
also dexDend cn the relative size of the protuberance m 
relation to the body on which it -".s placed, because 
interference and boundary-layer effects are different 
for different relative dimensions. 

From the exnerlrnental data, the following principles 
that are useful in a qualitative estimation of the change 
of pressure coefficient with '^aoh number may be derived-. 

!1) Over the greater part of well-faired bodies 
that are not too thick and are relatively free from 
bound ary-1 aver and velocity interference from other 
bodies, the" theoretical change of pressure coefficient 
with !-"ach nujnber m.ey be assur.ed. The factor 

1 — expresses the change with sufficient accuracy. 

Y 1 - :'■ 

The negative pressure peaks m.ay oe sssmaed to increase 
somewhat more'' rapidly than this factor indicates. 
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(2) Separation of the flow, which regularly occurs 
from ibe rear of blun • forms - such as the sphere and 
the circular cylinder - and to a lass degree fron less 
hlunt bodies, is likely to hecoiiie more severe with in- 
crease in ''Tach number/ The resulting: chan^^^e in the 
effective shaoe of thj body may produce an increase (as 
compared with the theoretical decrease) of the pressure 
coefficients near the beginning of the separated region 
and a decrease 'rrxO re -negative pressure coefficients) 
near the tail. Ev^^^. on m.oderately thin faired bodies, 
something of this effect may appear: whereas, on bodies 
with short tails, a large decrease in the negative ores- 
sure coefficients juct forward of the tail and a con- 
siderable increase in the negacive pressure coefficients 
at the rear may occur c 

(5) Interference tnat increases the velocities is 
likely to cause a further Increase in negative pressure 
coefficients with "ach number, whereas interference 
that decreases the velocities is likely to have the 
opoosite effect . 

(]j.) If any considerable part of the protuberance 
lies within the'' boundeiry layer produced on the body for- 
ward of the -orotuberarce, the change in pressure coeffi- 
cient with ?^ach number is likely to be difierent from 
the change that would occur if no boundary layer existed. 
The pressure peaks may be smaller and separation effects 
may be introduced. 

(5) If a critic ^:1 Reynolds number occurs within 
the I^'-ach number range or if a considerable change in 
pressure coefficient with Reynolds number is otherwise 
to be expected, the resulting effect on the change m 
pressure coefficient with T'ach num.oer must be accounted 
for. 

The foregoing discussion holds for •'^ach numbers 
less than the ^critical . Above the critical ^-ach 
number, still less is known about the pressures to be 
exnected. Outside "-he region of supersonic -.speeds , the 
pressure change is much the same as at subcritical jv'ach 
num-bers. The supersonic region commonly spreads rear- 
ward as the ^'^ach number is increased, and the negative 
pressure oeak usually increases and broadens toward the 
rear. \s the shoclc w^ave develops with its large un- 
favorable pressure gradient, separation is likely to 
occur and produce the pressure changes already discussed. 
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The negative vvesswe ::ioef f i cients cannot in any case 
continue indefinitely to increase v.lth Ivlach number, and 
a tendency to decrease at the highest Mach numbers is 
already apparent in some of the curves in figures 2^ 
and 2h. An absolute limit imposed by the condition 
that the local static pressure be zero is given oy 

(-F) ^ - • The experimental data available indi- 

cate a lim.lt less than given by this relation. Up to 
a ^ach numoer of O.70, however, the changes in pressure 
coefficients likely to be encountered on protuberances 
m.ay be estimated by tne methods herein presented. 

In order to estimate with quantitative accuracy 
the effect of compressibility on the pressure distribu- 
tions over protuberances, extensive systematic experi- 
mentation is necessary. 

Interf erence . - For cases in v;hich the interference 
cannot be expressed by simoly adding in the induced 
velocities due to the ' interfering bodies, an estimation 
at least qualitatively correct m.ay still be obtained. 
It is reasonably certain, for instance, that a canopy 
in front of a gun turret can have only the effect of 
reducing the velocities and thereby the pressure peaks. 

Figure 25 illustrates the difference in inter- 
ference effects for turrets in different locations on 
the fuselage and for different angles of attack of the 
wing and fuselage. Turret C is subject to a reduction 
in velocity due"'to the hum^p in the fuselage immediately 
behind it and, in addition, the acc om.panyin.]; unfavorable 
pressure gradient may be expected to precipitate earlier 
separation than would otherwise occur. As seen in fig- 
ure 25, the negative pressure coefficients on the top 
of turret C were m.uoh smaller than on turret D, which 
was located in a region of increased velocity due to 
both wing and fuselage. Turret E is so located that 
the velocity interference should be small but, with 
most of the^ fuselage forward of the turret, the boundary 
layer interference must have been considerable. The 
negative pressure coefficients are only moderately large 
The change in pressure coefficient with angle of attack 
is aopreciable. A rough estimate of the interference 
could be obtained by adding the induced velocities due 
to the wing and fiaselage as in reference 1. 
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The velocity interference on the central part of a 
fuselage coirirr.only amounts to about — - =^ 0.10, A rough 

estimate of the induced velocity can be obtained by 
fitting an equivalent prolate spheroid to the fuselage 
as described in the section entitled 'Tethods^' and in 
reference 1. 

The wing is approxim.at ely a two-dimensional form 
and thus may cause relatively lar^-e -Interferin-y 
velocities. If a protuberance is located near the 
velocity peak on a ^./^/ing, therefore, the pressures may be 
vddely different from those on the same orotubarance not 
vsubject to the Interference: In addition, the change in 
pressure with change in ¥ach number or wing angle of 
attack m.ay be large. 

It may be necessary in som.e cases to determine the 
Interference effect of a nrotuberance on the loads over 
surrounding surfaces. The induced velocities generally 
decrease very rapidly with increase in distance from, the 
surface. I'he decrease of the peak velocity increment 
is shown for a wing and for prolate spheroids in fig- 
ures 56 and 57 ^ respectively, of reference 1. The" 
m.ethods given In the appendix of i-eference 1 can be 
used to estimate the interference due to a orotuberance. 
If an equivalent prolate soheroid cazi be fitted to the 
protuberance, the maximium. interference velocities can 
be estimated from figure 37 of reference 1. If more 
detailed information is needed, however, a velocity- 
contour chart such as that of figure 55 of reference 1 
can be prerared for a body approximating the protube- 
rance in shape. For simple shapes, such as the sphere 
or oblate spheroid, velocity contours are easily obtained 
from the potential theory. Additional experiment is 
needed to permnt very accurate cstimxates of the effects 
of interference . 

Surface irre gularities .- The theoretical pressure 
distributions are calculated for sm.ooth bodies, but in 
practice the surface is usually bro>:en by ribs, joints, 
waves, or other irregularities; as a result, oeaks and 
valleys appear in the pressure-distribution curve. 
Such an irregular pressure distribution is g:iven by the 
experimental data shown in figure 19. The most oiDvlous 
surface irregularities in this case were the ribs of the 
turret. Estimated oressure distributions should be 
made suf f icientl;v' conservative to allow for the effects 
of these irregularities. 
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Separation and pre g sure bsnlnc! a protubergiiGe^o - 
I'ost prctnjer anTes are suf f Ici3nt3;^- 'bliUit* at^he tail 
that the flov; fails ro some extent to follow the sur- 
face. Thic s3oaraticn of the flow is aggravated by 
the boundary, lawyer develooed on the svaface forward 
of the protuberance with the res>\lt that separation 
becomes more severe as the protuberance is Placed far- 
ther back from the no^e of the fusel a,j;e or other body 
on which it is situaL":'d. 

Altho-i^gh separation does not usually increase the 
severity of the loads, it greatly increases the drag 
of the protuberance and should therefore oe prevented 
by a fairings if conveniently possible. Ta the case 
of gun turi^ets, a method that mi^-ht be used while the 
advantages of 3yr.metrical turrets are retained is to 
Install ratractable fairin,>s behind the turrets. The 
effect of fairing on separation ^" s shown in a com- 
parison of the experimental data given in fi^iures 12, 
lb, 16, and 19- The use of faix'ed turrets appears to 
give little advanta''7;e over symmetrical turrets unless 
the fairing is sufficient to prevent any considerable 
seoaration. If the flow becomxes unsyrrjnetrical v/hen 
the turret is rotated from the stowed position, local 
loads may be substantially increased- If sharp 
corners are thus exposed, the pressures may be impos- 
sible to estimate and the neak negative pressures may 
become very high. 

At sham outside corners, che flow separates either 
comxOletelY or with a bubble about which the flow later 
closes in. A method of estimating the pressures near 
sham corners has been suggested in the section entitled 
"Estimation by Com.oarison, " It is pointed out in ref- 
erence 1 on ^ages 12 -.nd I3 that outside corners with 
radii of curvatures less than annroximatei:' 25 percent 
of the height of the protuberance may be considered 
sham o 

Separation changes the effective shape of a body 
3n such a way that the pressure neaVs inflixenced by the 
seoaratlon are reduced and the pressure on the rear of 
the original form is decreased. At the rear of the 
faired turret of figure 16, therefore , the loressure 
coefficient is positive; whereas, on the rear of the 
m.ore severe turret of figure lii, for which a greater 
pressure recovery is indicated, separation has reduced 
the pressure coefficient to zero. Behind the st:ill 
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more severe forms of figures 12 and 1"^, the pressure 
coefficients at the rear are negative^ From t]iese 
ezperin-'ental data and from the known values of the 
pressure coefficient on the rear of spheres and cir- 
cular cylinders, a rough estiniate of the pressures 
behind protuberances can be made; but it is evident 
that, in order to judge accurately whether separation 
v/ill occur and what pressures Vi^ill then exist, mu.ch 
s y 3 1 0 rr • a 1 1 c experimentation is r e q u i r e d . 

The effect of compressibility in r^recipi tat ing or 
increasing the sever^^y of separation has already been 
noted. 

E stimation of loads .- From the pressure distribu- 
tions","" estimated or measured, the loads can be determined 
provided the internal pressures are known. The 
internal-pressure coefficient may be positive if the pro- 
tuberance is vented to a high-pressure region, as aoout 
the nose or tail of the fuselage, but Is more likely to 
be negative because leaks regularly occur to the low- 
pressure region in which a protuberance is usually 
placed, such as leakr: aroui:id the sliding canopy, through 
other cracks, or through holes in the surface. Because 
the external pressures "vary with angle of attack or the 
positions of the leaks change with angle of gun turret, 
the internal pressures also vary. Since negative 
pre::' sure coefficients uo to ? = -O.kO often occur on 
a fuselage, similar nressures may be expected inside 
canopies or gun turrets. Tn low-speed tests of the 
Grumman XT3F-1 airolane (unpublished), for example, 
internal-pressure coefficients of -O.IJ were found in 
the canopy v'hile, in the s;^,nTime trical Kartin turret 
tested, the pressure coefficient varied from -0.02 
to -0.11 depending on the angular position of the 
turret and angle of attack of the airplane; similarly, 
in the unsymmetrical Gr^jonman turret with which the air- 
plane was origjnally^ equipped, the internal -pressure 
coefficient varied between 0 and -0.06. For the 
Brewster XSE2A-1 airolane in flight ''unoublished) , 
internal pressures in the gun turret varied from 
P = -0o20 to ^ ~ -O.Ju: inside the cockoit canopy of 
the SE2A-If airplane, very low pressure coefficients of 
-O.3O to -O.kO were found. Because of differences in 
leakage, the internal pressures are likely to be differ- 
ent from time to time, even for the sam:e airplane, unless the 
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enclosures are sealed- It is evident that, because of 
low internal pressures, jettison may be Impossible even 
if a protuberance is designed to be released. An 
Increase of internal pressure could be realized by 
v-enting to the tail of the fuselage. 
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1. By the metriods given in the present report, 
nressure distributions can be estimated for use in cal- 
culating loads. 

2. Tf allowance is made for the effects of inter- 
ference and separation, calculations based on tne 
potential-flov/ theory give a satisfactory indication of 
the maximum pressures to be expected. 

3. For shades about which the potential flo^v is 
not exf^.ctly calculable, the nressures may be estimated 
by various aoproximate riethods presented or by com- 
oarison with exoerimient. 

k, Com-oressibility and interference effects and 
the effects of departure from potential flow, including 
separation, can be estim.ated by a com.bination of 
theoretical methods presented and by comparison with 
experiment . 

5. In order to estimate the loads, the pressure 
inside the body as well as the external-pressure dis- 
tribution must be "known. 

6 ^u-ther experimental investigation is needed t 
determine the effects of interference, compressibility, 
separation, and systematic changes in form. 

Langley Memor"^ al Aeronautical Laboratory, 

National Advisory Commdttee for Aeronautics, 
T,angley Field, Va. 
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(a) Sphere or cc) Pro fate Spheroid or ellipse 

circular cylinder . and body of re\/o/uffbn 

or airfoil y\fifh e^Ltii^afenf' 
prolate spheroid or ellipse . 




(b) Body of re\/oluffori or airfoil . 



Figure /.- Half^hodiey resulting from sect/ori of 
Symmetrical bodies at pictne of symmetry . 




Figure 2.- TTieorefical velacify distribution about double circular --arc Symmetrica/ 

airfoils. t is thickness ratio. 
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Figs. 3,4 
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Figure 3.- Slope method for veloclfy ca/cu/ai/'on- 
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Figure -4.- Circular -arc proH/e . 
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Fig. 8 




(0) Lllip+icQl cylinders and rnQr/dfcin profiles 
of pro/afe Spheroids . 
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(^) Approx/mare circular-arc ^jymme-trical airfoils 
and meridian profiles of bodies of rei^olLifion . 
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FigurB 9.- Ratio of ve/ocifies on 
prolate spheroids fo those on 
correspond/'ng eiiip/-fc cyfincfers ^ 
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(cl) McLr-^/n -turret. 



x/i = o.SSO 





(b) Turret /\ in ii^o lo<:cjLiion^ 
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Figure. I Locations of the 
/Martin turret and turreiss A and B 
on tuse/cx(^& . 
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n^ure 12 Co^npc^r/sot-y of meo sQngd pressures on 
th^ /vjcrrt/n ti^rr*^T (reference /SJ LA/ith calculated values 
on an equival^n't oblate 'Spheroid and on a sphere. 
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Fig. 14 
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figure Z-^.— Comporlscn of measured pressures 
on turret /\ of reference /£ uy/th theoretico/ 
pressures on sphere and circu/or ores, cC- xS''. 
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Fig. 15 
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(b) With Maxson turret. 
Figure 17.- Locations of cockpit canopy and gun turrets on the Breys/ster 5&-ZA-i airplane. 
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Figure 18 - Mctxson gun f^ir ret j meridian j^rof He. 
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Figure 19 — Fsti^afed pressure distribution over cockpit canopy and A/faxson ^ 
gun turret of Brei^ster 532A- i airplane. OlO. 
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Figure, 20. — Estifna-fed pressure disfribufion over cockpit CMnopt/ and spherica/ gun 
•turret of SrmiNster 3B2A-/ airplane; A/fsss, 0.70. 
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(o) stowed position. (b) Gun-abeam position. 
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Fiqure Zl.- Lower gun turret on Douglas XSB-ZD-/ airplane. ^ 
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Figure ZZ." E s-flnnatecf pressure distribution 
about louder gun turret of Doug/as X5B-2D' I 
airplane. /W « 0^70. 
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F'igure Z3.- ApproK/rnaHon of front part of Jo\^er -gut\~f turret profile 
parabola M. = ^ (i - ^ \ . i/v/V/i \/el oc) fu cfi'sfri button calcula-fed by 

C V cy > ^^^^^ /method. 
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Ca) Front i^/evv s/ioi^/tng approx/'/nafe cross secf/on ^bj S/We wew showing 

of turret norma/ to stream ^ approKi'mate profi/e over 

center in plane v^ith 
stream ctirect/ori . 

CONFIDENTIAL NATIONAL ADVISORY 

COHHITTEE FOR AERONAUTICS. 

Ft9L,re 2-4.- Approx'imatiot^ of rear portion of /oi/^er gun turret by method of 
cft'str'thut/on of doublets along polar axis nor mo I to stream- 
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Fig. 25 
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r/jotre Z5.- Pressures on similar yi/n turrets in different locations 
on the fuselage. 
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Fig. 26 
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Turret A (r^tcrenc,^ /6>)\ 
Turret D (unpublished data). 
Theory for sphere 
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F'igure 2G-— Pressures on top of tir^o spher laa/ 
turret's shotting effect of relative project ion 
above fhe fuselage , 23c?7V7 turrets ioccrt^d at 
2.4.9 peraeh f fuselage length from nose , cC ^ Z^* 
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Turr^'t NATIONAL ADVISORY 

' ^ ' COMMITTEE FOR AERONAUTICS. 

F, near fop (from unpublished daia) 
F, near back 

a, at fop (reference 16) 
B, at side 

B, of X/l = O S/ 
B. at X/I - 0.86 
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Figure 27," Comparison of pressures on /*vo sfreatn/ine 
furrefs of cfifferenf" fhicHness rafio ssAow/n^ 
different compres^ibi/ift/ effecf^ . 
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F'igure Z6- - PrGssure change w/V/i Mach tmmher 
cff poltyfs on -f^hree windshields from reference /. 
Poin^ f oca f Ions and corriss ponding pressures are 
indicated the iefters a , Jd , c and d- 



